The emission of pions from relativistic heavy-ion collisions of S+S, S+Ag and S+Pb at 200 GeV/nucleon is characterized using two-particle interferometry. The multiplicity dependence of the pion source parameters near mid-rapidity is studied. The transversal and longitudinal source parameters, R t and R l , show a clear increase with the particle multiplicity. The multiplicity dependence is weaker than that expected from a simple model of a freeze-out at a constant density.
Introduction
The space-time evolution of the particle emitting source created by relativistic heavy-ion collisions can beinvestigated by Bose-Einstein interferometry [1, 2] . The primary motivation of interferometry studies is to extract information on the space and time extent of particle emission points from relativistic heavy-ion collisions. In strongly interacting matter at the high energy densities achieved, the quark gluon plasma may b e formed [3, 4] . Recently, Bose-Einstein interferometry measurements have been performed in hadron-hadron and nucleus-nucleus collisions to study the mechanism of particle production [5, 6, 7, 8, 9, 10] .
Since the system we are observing is a dynamical system with fast expansion, strong re-scattering and shadowing, observed interferometric source size parameters are not simple geometrical sizes at the time hadrons cease to interact, or freeze-out, and depend on kinematical parameters such as the transverse momentum p T , rapidity y, particle species and centrality of the collisions. Systematic measurements of Bose-Einstein interferometry over a wide kinematical region are necessary to separate the dynamical eects and the intrinsic physical parameters.
The NA44 collaboration has reported measurements of the Bose-Einstein correlation in central S+Pb collisions at the CERN Super-Proton-Synchrotron (CERN-SPS) [11, 12, 13, 14, 15, 16] . The NA44 measurements cover a wide p T range for both pion and kaon particle species. In this paper, we report a study of the source parameters for positive pions as a function of particle multiplicity in S+A collisions at 200 GeV per nucleon.
Experimental Setup
The layout of the NA44 experiment is shown in Fig.1 . Incident sulphur ions of 200 GeV pernucleon from the CERN-SPS accelerator go through the beam Cherenkov counter (CX) [17] . CX is used to identify the sulphur ions by the pulse height which is proportional to Z 2 of the ions. CX is also used to give the start signal for the time-of-ight (TOF) measurement, and has a timing resolution of 30 ps. A plastic scintillation veto counter (CXV) with a 1 cm diameter hole is installed behind CX to eliminate events from the beam halo.
The target is mounted on a support in the dipole magnet (D1). The target is a disk of 1cm in diameter, with the respective target thickness listed in Table 1 . A plastic scintillation counter (T0) is installed just after the target to allow a centrality selection at the trigger level. T0 consists of two rectangular scintillator pieces separated by a 3 m m gap through which non-interacting beam particles pass. The pseudo-rapidity coverage of T0 is approximately 1.3 to 3.5. A highly segmented silicon pad detector, with 8 radial and 24 azimuthal sectors, measures the charged particle multiplicity in the pseudo-rapidity range from 1.5 to 3.3.
Particles produced by interactions in the target area are detected by the NA44 focusing spectrometer. The spectrometer consists of three dipole magnets (D1, D2 and D3) and three super-conducting quadrupole magnets (Q1, Q2 and Q3). The dipole magnets D1 and D2 analyze the momentum of the secondary particles, and the last dipole D3 is S Ag Pb Thickness (g/cm 2 ) 2.0 10.5 1.1 Interaction length 5.8 % 13.9 % 1.0 % Table 1 : Targets used in this analysis.
used for a momentum calibration of the spectrometer. The three quadrupole magnets are employed to optimize the spectrometer acceptance and the momentum resolution for the directional Bose-Einstein correlation measurements. The spectrometer magnets are operated in either a horizontal focusing mode (\horizontal" setting) or a vertical focusing mode (\vertical" setting). The \horizontal" setting enables us to make a Bose-Einstein correlation measurement with 2-dimensional parameterization. For the 3-dimensional analysis, the \horizontal" and the \vertical" settings are combined. The polarity of the magnetic eld, the nominal momentum, and the angle of the spectrometer determine the particle charge, the rapidity acceptance and the p T window of the spectrometer. In this study, the nominal momentum of 4 GeV/c is used and the spectrometer angle is set to 44 mrad with respect to the incident beam line. In the \horizontal" setting, particles with momenta with 20 % of the nominal momentum pass through the spectrometer. For the \vertical" settings, a larger momentum range is accepted. Fig.2 shows the spectrometer acceptance of pions for the \horizontal" and the \vertical" settings. These spectrometer settings cover the p T range p T 0.4GeV/c and mid-rapidity (y C M S =3.0). The average values of p T and rapidity y in the acceptance are 135 MeV/c and 3.72 for the \horizontal" setting and 177 MeV/c and 3.51 for the \vertical" setting.
The secondary particles going through the spectrometer magnets are detected by three scintillator hodoscopes (H1, H2 and H3). The hodoscopes consist of 50 plastic scintillator slats for H1 and H3, and 60 slats for H2 with photomultiplier tubes attached to the top and bottom of each scintillator [18] Two threshold Cherenkov detectors (C1 and C2) are used for particle identication at the trigger level and also in o-line analyses. Each Cherenkov detector consists of a tank lled with radiator gas with thin aluminum entrance and exit windows, a thin concave mirror and a photomultiplier tube. C1 is lled with freon gas at 2.7 atm and C2 is lled with a mixture of nitrogen and neon gas at 1 atm. At particle momenta of 4 GeV/c, electrons, muons and pions are above threshold in C1, and only electrons in C2. In this study, C2 is used in veto mode to reject electrons, and the signal pulse height from C1 is used to purify pion-pair samples in the o-line analysis. A uranium-scintillator calorimeter (UCAL) located at the end of the NA44 spectrometer, has electromagnetic and hadronic sections and is used to separate hadrons, electrons and muons.
The data used in this analysis were collected with the trigger condition:
The threshold of the T0 pulse height denes the centrality of the triggered events. At least two hit slats on each hodoscope were required to trigger the data acquisition system. Table 2 : Numberof pion pair events used in this analysis for each target and each spectrometer setting. The nominal momentum is 4 GeV/c.
Data Analysis
Track reconstruction is performed by tting a straight line to the hit positions of particles on the scintillator hodoscopes. For the H1 hodoscope, one particle may hit multiple hodoscope slats due to the shallow angle between the H1 and tracks. This multiple hit may create a fake second track from a single true track. To avoid such fake tracks, events with two tracks hitting neighboring slats on H1 are rejected. >From the position and direction of the track the momentum is calculated by assuming the particle propagated from the target through the known magnetic eld. The momentum resolution is mainly determined by multiple scattering of the particles in the target, in the air and in the materials of the detectors. A smaller contribution to the momentum resolution is the nite position resolution of the scintillator hodoscopes. In the two particle interferometry measurement, the resolution of the relative momentum between two particles determines the precision of the interferometric source parameters to be extracted. For pions, the relative momenta Q to , Q ts and Q l (dened below) typically have resolutions 20 MeV/c, 25 MeV/c and 10 MeV/c, respectively.
The mass-squared of the particle is calculated by combining the reconstructed momentum and the TOF information. Two-pion events are selected by requiring at least two tracks with mass-squared in the region of the pion peak and by requiring a C1 ADC pulse height corresponding to 2 or more pions. Table 2 .
For reconstructed positive pion pairs, a raw correlation function C raw (k 1 ,k 2 ) is calculated as follows:
where N 2 (k 1 ,k 2 ) is the number of pion pairs with momenta k 1 and k 2 , and N 1 (k 1 ) is the number of pions with momenta k 1 . D is a constant containing the dierence of normalizations between one-particle and two-particle samples. The practical calculation of the denominator of Eq. (1) is made by the so called \event-mixing method" [19] with the same experimental data used for the numerator calculation. The method cancels out eects of the experimental acceptance and trigger biases. It is well known that there is a residual Bose-Einstein correlation eect in the raw correlation function C raw (k 1 ,k 2 ) due to the event-mixing method. A residual eect of the experimental acceptance is also expected. Further, the Bose-Einstein correlation of identical charged particle pairs is aected by the repulsive Coulomb force between particle pairs. To compare with theoretical correlation functions, the following correction is used to produce a corrected correlation function C corr (k 1 ,k 2 ) [11] :
The event-mixing method uses one particle of a particle pair to generate a single particle spectrum (N 1 (k 1 )), and makes uncorrelated particle pairs (N 1 (k 1 )N 1 (k 2 )) from the single particle spectrum. However, the single particle spectrum is distorted by the BoseEinstein correlation. K S PC (k 1 ,k 2 ) is a factor to correct the distortion of the single particle spectrum, and is calculated by a method described in Ref. [11, 19] . K acceptance (k 1 ,k 2 ) is a correction factor for the eects of the nite acceptance and nite momentum resolution of the spectrometer, and is calculated by a Monte Carlo program with a full simulation of the tracking detectors and multiple scattering. K Coul (k 1 ,k 2 ) is the standard Gamow factor for the correction of the Coulomb repulsive force between two charged pions [20] . (4) where Q t and Q l are the components of the momentum dierence between two pions perpendicular and parallel the beam axis, respectively. Q t is further separated into two components Q to and Q ts , where Q to is parallel with the transverse component of the momentum sum of the pion pair (k ? =k 1? +k 2? ), and Q ts is perpendicular to. The value of Q l depends on the reference frame and thus the Lorentz boost along the beam axis. The Longitudinal Center-of-Mass System (LCMS) [21] , in which the component of the pair momentum sum along the beam axis (k z = k 1z + k 2z ) is zero, is used as the reference frame in this analysis.
The source parameters (R t , R l , R to , R ts and ) are extracted by correcting C raw with Eq. (2) and then tting the result to Eqs. (3) and (4). In general, the values of the correction factors in Eq.(2) depend on the source parameters. Several iterations of the correction procedure are performed until the source parameters converge [11, 19] . For the success of the iterative procedure, the parameter dependence of the correction factors must beweak. Further, the convergence of the source parameters to the true Both the T0 detector and the silicon pad detector provide information on the charged particle multiplicity of an event. In principle, the silicon detector provides the more accurate measurement of the charged particle multiplicity, however at high beam rates, it becomes susceptible to overlapping events (\pile up"). The T0 detector does not suer from pile up, and the multiplicity is therefore determined by using the ADC value of the T0 detector. The absolute normalization of the charged particle multiplicity is done by comparing the T0 ADC value and the multiplicity from the silicon pad detector at a low beam intensity. Since the target thicknesses are nite, the probability o f h a ving double interactions in the target is not zero, and the double interactions increase the observed particle multiplicity. The eect of the double interactions is estimated to be less than 10 %, and is corrected for with a Monte Carlo simulation. The charged particle multiplicity per unit pseudo-rapidity dN ch =d is calculated at the pseudo-rapidity of 2.7, which is the 
Results
Several sub-samples of data are created to look at the multiplicity dependence of the pion source parameters. We use 2, 3 and 4 multiplicity bins for the S+S, S+Ag and S+Pb data respectively.
First, the multiplicity dependence study is performed with the 2-dimensional correlation function. Fig.4 shows the correlation function C corr projected on the Q t and the Q l axes for the 4 multiplicity bins of the S+Pb data. The pion source parameters obtained for all collision system are summarized in Table 3 . The errors of the interferometric source parameters are statistical only. The errors of the mean multiplicities mainly comes from the widths of multiplicity cuts, and statistical uctuation of numberof charged particles in the T0 detector acceptance gives minor contribution to the errors. The extracted source parameters R t , R l and are shown as a function of the charged particle multiplicity in Fig.5 .
The transverse pion source parameter, R t , shows a clear increase with charged particle multiplicity, dN ch =d, and has almost the same value at the same particle multiplicity for dierent targets. This means that the particle multiplicity mainly determines the pion source parameters at freeze-out and the details of initial conditions do not strongly aect the pion source around mid-rapidity. The longitudinal pion source parameter, R l , also increases with the charged particle multiplicity.
The parameter has values around 0.57 and the variation of the values of the parameter is about 0.1 over the charged particle multiplicity range from 30 to 120. In pion two-particle interferometry measurements, values of the parameter considerably smaller than 1 have been reported, and eects of the decay of long-lived resonances [22] and the shape of experimental acceptances [16] were proposed as explanations. Further, double interactions in the target slightly decreases the values of the parameter in this experiment. This eect of double interactions is estimated with a Monte Carlo calculation to be less than 10 % and is corrected for.
A 3-dimensional analysis of the Bose-Einstein correlation is also performed for the S+S and S+Pb systems. Fig.6 shows the correlation function C corr for the S+Pb data. Fig.7 shows the multiplicity dependence of the source parameters, R ts and R to , from the 3-dimensional analysis. The results are summarized in Table 4 .
Discussion and Conclusion
The particle multiplicity, dN=dy, around mid-rapidity is roughly proportional to the available energy for particle production. For a linearly expanding system, the total volume is proportional to the cube of the expansion time, and the volume at freeze-out will be proportional to the cube of the time at freeze-out 3 f . If the freeze-out occurs at a constant density, the time at freeze-out should be proportional to the cubic root of particle density, f / (dN=dy) 1=3 [23] . Interferometric source radii parameters depend not only on the geometrical size of the source region at freeze-out, they are also related to the position-momentum correlations at freeze-out. We have earlier studied the dependence of the radii parameters on transverse mass for S+Pb interactions and shown that they are all proportional to 1= p m T in the longitudinal center of mass system [15] . The results from NA35 [6] are consistent with our measurements. This is expected for a linearly expanding large hydrodynamical system with a constant freeze-out temperature T f where all radii parameters are proportional to f q T f =m T [24] . By studying the multiplicity dependence we can test the proportionality t o f , and under certain assumptions estimate its value.
The multiplicity dependence of the transverse, R t , and longitudinal, R l , pion source parameters are tted with the function:
where C is a normalization constant. The result of the tting is shown with the curves in Fig.5 and the parameters are listed in Table 5 . The multiplicity dependence of the 3-dimensional pion source parameters, R to and R ts , are also tted with Eq. (5), and the result is shown in Fig.7 and listed in Table 5 . All values of the parameter from the tting are smaller than the value 1/3 expected from a simple model of freeze-out at a constant density. One explanation of the small values of is the assumption of the proportionality of the pion source parameters to f q T f =m T is too simple. A multiplicity dependence of the strength of the position-momentum correlation may explain the small values of . If the strength of the position-momentum correlation increases by about 25 % from dN ch =d=30 to 120, the values of become consistent with 1/3.
Using the approximate formula R t;l f q T f =m T [24, 25, 26] and an assumption of the value of the freeze-out temperature T f =140 MeV [27] , f is estimated to be 5:0 0:6 fm/c at dN ch =d=100, which is consistent with Ref. [6] . Wiedemann et al. [28] made a numerical calculation based on a hydrodynamical model and pointed out the formula R t;l f q T f =m T is not a good approximation in the low p T region. The model ambiguity may contribute to an additional error in the f estimation.
In conclusion, the multiplicity dependence of the pion source parameters in S+S, S+Ag and S+Pb collisions is studied by the two-particle interferometry technique. The transversal (R t ) and longitudinal (R l ) pion source parameters are independent of the initial nuclei in the interaction and increase with increasing multiplicity. This suggests that the freeze-out process is governed mainly by the particle multiplicity, which is roughly proportional to the energy available for particle production, but the size of the target nuclei. The multiplicity dependence of the pion source parameters is weaker than a multiplicity dependence expected from a simple model of the freeze-out at a constant density and an assumption of a proportionality of pion source parameters to f q T f =m T . The pion freeze-out time is estimated to be roughly 5:0 0:6 fm/c at dN ch =d=100. Fig. 2 . Contour plot of the spectrometer acceptances in the rapidity y and the transverse momentum p T space. The acceptances for the \horizontal" and the \vertical" settings are shown. The nominal momentum setting is 4 GeV/c and the spectrometer angle is 44 mrad. The center of mass rapidity of the nucleon-nucleon system is about 3. Fig. 3 . Contour plot of the mass-squared and the C1 ADC. To purify the pion-pair sample, the events within the cut (box in the gure) are selected. Fig. 4 . Projections of the 2-dimensional correlation function C corr onto the Q t (top) and Q l (bottom) axes are created for the 4 charged particle multiplicity i n tervals of the S+Pb collisions. The average charged particle multiplicity increases from (a) to (d). Figure 4: Projections of the 2-dimensional correlation function C corr onto the Q t (top) and Q l (bottom) axes are created for the 4 charged particle multiplicity i n tervals of the S+Pb collisions. The average charged particle multiplicity increases from (a) to (d). Figure 6: Projections of the 3-dimensional correlation function C corr onto the Q to (top), Q ts (middle) and Q l (bottom) axes are created for the 4 charged particle multiplicity intervals of the S+Pb collisions. The average charged particle multiplicity increases from (a) to (d). 
